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Simulation of Cold-Test Parameters and RF Output
Power for a Coupled-Cavity Traveling-Wave Tube

Jeffrey D. Wilson, Member, IEEE,

Abstract— Procedures have been developed which enable the
accurate computation of the cold-test (absence of an electron
beam) parameters and RF output power for the slow-wave
circuits of coupled-cavity traveling-wave tubes (TWT’s). The
cold-test parameters, which consist of RF phase shift per cav-
ity, impedance, and attenuation, are computed with the three-
dimensional electromagnetic simulation code MAFIA and com-
pared to experimental data for an existing V-band (59-64 GHz)
coupled-cavity TWT. When simulated in cylindrical coordinates,
the absolute average differences from experiment are only 0.3%
for phase shift and 24% for impedance. Using the cold-test
parameters calculated with MAFIA as input, the NASA Coupled-
Cavity TWT Code is used to simulate the saturated RF output
power of the TWT across the V-band frequency range. Taking
into account the output window and coupler loss, the agreement
with experiment is very good from 60-64 GHz, with the average
absolute percentage difference between simulated and measured
power only 3.8%. This demonstrates that the saturated RF output
power of a coupled-cavity TWT can be accurately simulated
using cold-test parameters determined with a three-dimensional
electromagnetic simulation code.

1. INTRODUCTION

OR a number of years, computer simulation has played an

important role in the design procedure for coupled-cavity
traveling-wave tube (TWT) circuits. The NASA Coupled-
Cavity TWT code [1]-[4] in particular has been shown to
accurately simulate the RF output power characteristics for
several circuit designs [5]-[8]. Despite the use of this and
similar models, designing a coupled-cavity traveling-wave
tube (TWT) slow-wave circuit was still a long and expensive
procedure, because the models required the experimentally
obtained input of the individual cavities’ electrical character-
istics: RF phase shift per cavity, impedance, and attenuation.
These characteristics, known as cold-test parameters, needed
to be measured for each circuit design iteration.

With the recent advent of three-dimensional electromagnetic
simulation codes, it is now possible to simulate each cold-
test parameter. In this paper, we show that the saturated RF
output power for a coupled-cavity TWT can be accurately
simulated with the NASA Coupled-Cavity TWT code using
cold-test parameters calculated with the three-dimensional
code MAFIA [9]-[11]. The simulated results of each code
are compared to experimentally measured results for the
Hughes Aircraft Company 961HA TWT, a 59-64 GHz, 75-
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Watt ferruled coupled-cavity TWT developed under NASA
Contract NAS3-25090 [12].

II. ANALYSIS

A. Cold-Test Parameters

MAFIA (Solution of MAxwell’s equations by the Finite-
Integration-Algorithm) Version 3.20 is a powerful, three-
dimensional, electrodynamic code that is used for the
computer-aided design of 2D and fully 3D electromagnetic
devices. The Finite Integration Technique (FIT) algorithm
produces a set of finite-difference matrix equations for the
electric and magnetic field vectors. The solution of these
equations yields static, frequency-domain or time-domain
solutions of Maxwell’s equations. The code includes nine
interrelated modules. The cold-test characteristics used as input
for the NASA Coupled-Cavity TWT Code were calculated
using the M (mesh generator), E (eigenmode solver), and P
(postprocessor) modules of MAFIA.

The Hughes 961HA ferruled coupled-cavity slow-wave cir-
cuit (Fig. 1) was modeled in both the Cartesian and cylindrical
coordinate systems. A MAFIA grid cell resolution of 53 x 53
in the transverse plane and 29 cells per cavity in the axial
direction was generated in Cartesian coordinates. A MAFIA
mesh of 27 x 37 x 29 in the radial, azimuthal, and axial
directions, respectively, was used to model the circuit in the
cylindrical coordinate system. The lines of each mesh were
made as equally spaced as possible with grid boundaries
matching with major geometrical features such as the beam
aperture and ferrules. The cylindrical MAFIA mesh is shown
for the end and top views in Fig. 2(a) and (b), respectively.
The dimensions of the standard cavity of the 961HA ferruled
coupled-cavity circuit are listed in Table I of [11].

The method for calculating the RF phase shift per cav-
ity is similar to that of Kantrowitz and Tammaru [13] and
Maruschek et al. [14] where the frequency-phase dispersion
is determined by obtaining resonant frequencies in truncated
sections of circuit. One-, two-, and three-cavity sections are
truncated perpendicularly to the axial axis. The truncating
plane can be either an “electric wall” where the electric field
is perpendicular to the boundary or a “magnetic wall” where
the magnetic field is perpendicular. Fig. 3 shows a MAFIA
three-dimensional view of a two-cavity section of the Hughes
961HA coupled-cavity TWT circuit. The electric field at a
phase shift of S7/4 radians (225°) per cavity is shown with
the arrow size proportional to the magnitude of the field.
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Fig. 1. (a) End. and (b) cross-sectional view section of a ferruled coupled-
cavity TWT slow-wave circuit,

The impedance is a measure of the strength of interaction
between an RF wave harmonic and the electron beam. For the
nth space harmonic, the on-axis beam interaction impedance
[15] is defined as
__E
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where E;, is the magnitude of the nth space harmonic of the
on-axis electric field, 3, is the axial phase constant for the
same harmonic, and Prp is the RF power flow defined by

Prr = W, @)

K, 1)

where v, is the group velocity, and W is the stored electromag-
netic energy per unit length [15]. In the conventional ferruled
coupled-cavity slow-wave circuit, the beam is synchronous
with only the first RF space harmonic. With n = 1, the com-
ponents of the beam interaction impedance of (1) are obtained
at the RF phase-frequency points of the MAFIA-simulated
dispersion curve. The first space harmonic magnitude of the
on-axis electric field is determined from a Fourier analysis
of the total axial electric field on the axis [14]. The stored
electromagnetic energy per unit iength W is directly calculated
by MAFIA, and the group velocity v, is determined from the
local slope of the dispersion curve.

The impedance is more often given in terms of the total
impedance, which is defined [16]:

V2
= 2P

where V is the gap voltage. It is related to the on-axis beam
interaction impedance by [17]:
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where g is the gap length, Iy is the modified Bessel function,
a is the beam tunnel radius, and

2
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with w the angular frequency and ¢ the speed of light.
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Fig. 2. (a) End and (b) cross-sectional MAFIA grid in cylindrical coordi-

nates.

The attenuation in dB/cavity due to the resistive losses of
the conducting surfaces can be expressed [18]:
P L
2W,

o = 8.686 (6)
where L is the cavity length and P is the total power
loss per unit length which is calculated by MAFIA using
a perturbation method with a user-specified value for the
surface conductivity. The theoretical value of conductivity
for the copper cavity walls at room temperature is ¢ =
5.8 x 107 S/m. However, the actual conductivity will be lower
than this because of skin, roughness, and work hardening
effects [19], {20]. We do not have a measured value of the
actual surface conductivity for the 961HA cavities, so in the
MAFIA simulations, we assume that it is equal to the value
obtained by Tischer [20] at 60 GHz in his measurements
on waveguides with highly polished copper surfaces. At 60
GHz, Tischer (Table II and Fig. 9 in [20]) determined that
the surface resistivity was a factor of 1.29 higher than the
theoretical value. With the conductivity inversely proportional
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Fig. 3. MAFIA three-dimensional electric field plot for two cavities
of Hughes 961HA ferruled coupled-cavity TWT circuit. Size of the
three-dimensional arrows is proportional to magnitude of the field. Phase
shift per cavity is 225°.

to the square of the surface resistivity, this yields an effective
conductivity value of 3.5 x 107 S/m.

B. RF Power

The NASA Coupled-Cavity TWT code, which is based on
the one-dimensional formulation of Vaughan [16], is generally
designated as 2.5-dimensional in that it models the interaction
between a two-dimensional slow-wave RF circuit field and an
electron beam with disks or rings of electric charge which have
axial, radial, and azimuthal velocity components. The ampli-
tude and phase of the RF circuit field and the trajectories of
the electron disks or rings are determined from the calculated
axial and radial space-charge, circuit, and magnetic forces as
the disks or rings pass through the individual cavities of the
circuit. Independent geometrical and electrical parameters are
input for each cavity.

Using the values of RF phase shift per cavity, beam in-
teraction impedance and attenuation obtained with MAFIA,
the NASA Coupled-Cavity TWT code was used to model the
Hughes 961HA TWT circuit. The model consists of a total
of 166 RF cavities divided into three sections. The standard
cavity has length 0.0968 cm and gap length 0.0292 cm. The
input section contains 49 standard cavities, the center section
47 standard cavities, and the output section 46 standard, eleven
2% taper, and seven 4% taper cavities. The sections are
separated by severs, with a match cavity on each side. The
cavity length and gap are each multiplied by 0.98 and 0.96,
respectively, in the 2% and 4% taper cavities. The match
cavities are modeled to have dimensions of the standard cavity
and the severs are each of length 0.2550 cm.

Simulations were performed at five values of frequency over
the V-band range: 59.0, 60.0, 61.5, 63.0, and 64.0 GHz. For
each frequency, the MAFIA-derived values of RF phase shift,
beam interaction impedance and attenuation were input for the
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standard, 2% taper, and 4% taper cavities. The match cavities
were assigned values of RF phase shift and attenuation equal
to that of a standard cavity and impedance equal to one-half
the standard value.

The two severs had to be modeled carefully in order to
avoid spurious results, especially when simulating at power
levels below saturation. To increase the axial grid resolution,
each sever was modeled with three cavities. Each of these
sever cavities was assigned a loss of 4 dB to give a total of 12
dB loss for each sever. The sever cavities were assigned very
small values of beam interaction impedance (0.01 Ohms), and
values of phase shift that maintained the RF phase velocity
equal to tk * in a standard cavity.

The 73.2 mA, 19.3 kV beam is focused with periodic
permanent i :gnets with a half-period of 0.4880 cm and peak
on-axis ampl:.zdes of 0.3500 Tesla (0.1550 Tesla for the first
half period). The initial beam/tunnel radius aspect ratio is 0.35.
In the simulations, the beam was modeled with 24 disks per
RF wavelength. In order to account for the backward wave,
the code makes alternating forward and backward integrating
passes through the series of cavities [4]. Five round-trip passes
were used to obtain convergence. Simulations were repeated
with the RF input power successively increased by one dBm
increments to obtain the saturation RF output value. For a
single simulation at high resolution, the computational time on
an IBM RISC/6000 Model 590 Workstation was 285 seconds.

ITI. RESULTS AND DISCUSSION

A. Cold-Test Parameters

Fig. 4 shows the frequency-phase dispersion curves for the
cavity mode of the standard cavity simulated in Cartesian
and cylindrical coordinates compared to experimental data
provided by Hughes Aircraft Company [21]. In both coordinate
systems, the calculated RF phase shifts per cavity are higher
than experimental values with an absolute average difference
across the V-band frequency range of 1.2% in Cartesian
coordinates and only 0.3% in cylindrical coordinates. The
very significant difference in accuracy can be attributed to the
coinciding of the mesh lines in cylindrical coordinates with
the boundaries of the barrel and the coupling slots.

Fig. 5 shows the total interaction impedance as a func-
tion of frequency. In both coordinate systems, the simulated
impedance values are lower than experimental values with an
absolute average difference across the V-band frequency range
of 8.8% in Cartesian coordinates and only 2.4% in cylindrical
coordinates. The improved accuracy in cylindrical coordinates
follows from the improved frequency-phase dispersion and
subsequently more accurate group velocity calculations.

The attenuation per cavity simulated with an effective
surface conductivity value of 3.5x 107 S/m is shown in Fig. 6.
There were no experimental data to compare to the simulated
values, but the values calculated in each coordinate system
differ from each other by an average of only 1.5%.

B. RF Power Characteristics

The simulated RF power transfer characteristics of the
Hughes 961HA TWT at the mid-band frequency of 61.5 GHz
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Fig. 4. Frequency-phase dispersion for standard cavity of 961HA circuit.
MAFIA simulations in both Cartesian and cylindrical coordinates are com-
pared to measured values. \
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Fig. 5. Total interaction impedance for standard cavity.

is compared to the measured data (12} in Fig. 7. The top
curve shows the simulated power at the end of the RF circuit;
however the RF power passes additionally through an alumina
output window and a lossy monel (a nickel-copper alloy)
output coupler waveguide before measurement. The measured
RF power losses at 61.5 GHz are 0.07 dB for the window
and 1.08 dB for the coupler [12]. When these power losses
are subtracted from the simulated results, the agreement with
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Fig. 6. Simulated attenuation for standard cavity with an effective surface
conductivity value of o = 3.5 ¥ 10". Experimental data was not available.
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Fig. 7. RF power transfer curve at 61.5 GHz for 961HA circuit. Measured
values are shown as measured at the end of a lossy monel coupler waveguide.
Results simulated with the NASA Coupled-Cavity TWT Code are shown
before the window and coupler at the RF circuit output and with measured
window and coupler losses included.

experimental measurement is excellent. In the simulation, the
input power that gives saturation is —7 dBm, the same as
the experimental measurement. The saturated output power in
watts is 80.7 for the simulation which agrees very well with
the experimental value of 80.3.

Fig. 8 shows the RF input power at saturation across the
V-band frequency range. The agreement between simulation
and experiment is fairly good except at the lower frequency
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Fig. 8. RF input power at saturation.

band edge. The input power at saturation depends on the

overall gain, which is difficult to simulate accurately because
a small difference in a cold-test parameter and gain per cavity
can accumulate to a fairly large change in overall gain when
compounded over a large number of cavities. The simulation is
particularly sensitive to small changes in cold-test parameters
at the lower frequency band edge.

The corresponding saturated RF output power is shown
in Fig. 9. As in Fig. 7, measured RF power losses from the
window and coupler are subtracted from the simulated power.
With these losses taken into account, the simulated power
gives excellent agreement with the experimental data except
at the lower frequency band edge. From 6064 GHz, the
average absolute percentage difference between simulated and
measured power is only 3.8%.

IV. CONCLUSIONS

Procedures have been developed which enable the accurate
simulation of the RF output power characteristics for coupled-
cavity TWT’s. A beam-RF interaction code is used with cold-
test parameters obtained from the three-dimensional electro-
magnetic simulation code MAFIA. These cold-test parameters
(RF phase shift per cavity, impedance, and attenuation) and the
subsequent RF output power characteristics were computed
and compared to experimental data for an existing V-band
(59-64 GHz), 75-Watt coupled-cavity TWT, the Hughes Air-
craft Company Model 961HA.

The MAFIA simulations were performed in both Cartesian
and cylindrical coordinates and compared to measured results
for RF phase shift per cavity and impedance across the V-
band frequency range. The agreement with experiment was
substantially better with cylindrical coordinates; the absolute
average differences for phase shift were 0.3% compared to
1.2% with Cartesian coordinates and for impedance were 2.4%
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Fig. 9. Saturated RF output power.

compared to 8.8%. There were no experimental data to com-
pare with the attenuation computations. In these simulations,
an effective surface resistivity was used to take into account
skin, roughness, and work hardening effects of the copper
surfaces.

With the cold-test parameters calculated in MAFIA with
cylindrical coordinates as input, the NASA Coupled-Cavity
TWT Code was used to simulate the 166-cavity RF circuit of
the 961HA across the V-band frequency range. Taking into
account the output window and coupler loss, the agreement
with experiment was very good except at the Jower frequency
band edge. From 60-64 GHz, the average absolute percentage
difference between simulation and experiment was only 3.8%.

This paper shows that the saturated RF output power of
a coupled-cavity TWT can be accurately simulated without
the need of experimentally obtaining cold-test parameters.
The procedures demonstrated in this paper enable the design
of coupled-cavity TWT slow-wave circuits with significantly
less dependence on expensive and time-consuming experimen-
tal cold-testing procedures. Previously the expense and time
involved in developing a new circuit resulted in very conserva-
tive designs involving relatively incremental modifications to
existing successful circuits. Now novel circuit designs such
as [22] can be much more readily investigated. This new
capability should result in substantially higher performances
at lower development costs.
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